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The 3,5-didehydrophenyl cation has been generated in good purity via sustained off-resonance
irradiation for collision-activated dissociation of 3,5-dinitrobenzoyl chloride in a Fourier-
transform ion cyclotron resonance mass spectrometer. Differences in the ion–molecule
reactivity of this species from that of its cyclic and acyclic isomers allowed isomeric distinction
to be achieved. This study represents the first definitive identification of this fundamentally
interesting, doubly aromatic ion. However, the formation of the 3,5-didehydrophenyl cation
was found to be the exception rather than the rule, with most 1,3,5-substituted benzenes
yielding mainly acyclic C6H3
1 isomers under electron ionization conditions. This mixed ion
population was attributed to isomerization of fragmentation intermediates rather than any
intrinsic instability of the 3,5-didehydrophenyl cation. (J Am Soc Mass Spectrom 2001, 12,
258–267) © 2001 American Society for Mass Spectrometry
As early as 1979, Schleyer et al. computationallypredicted that when the phenyl cation andm-benzyne moieties are combined in the same
phenyl ring to form the 3,5-didehydrophenyl cation, it
would possess a special stabilization relative to the
parent species [1]. They ascribed this stabilization to a
2-electron aromatic delocalization between the 1, 3, and
5-positions, which they dubbed “in-plane aromaticity.”
Because this 2-electron delocalization does not perturb
the planarity of the ring, it can exist together with the
classic 6-electron benzene aromaticity. Hence, this ion is
one of the simplest examples of “double aromaticity”
(i.e., two mutually orthogonal aromatic systems within
the same ring) [1]. More recent calculations [2] confirm
that this double aromaticity makes the 3,5-didehydro-
phenyl cation the global minimum on the C6H3
1 poten-
tial energy surface. However, although it has been
suggested [1, 2] that this ion may be a fragmentation
product of substituted benzenes, such as 1,3,5-tribromo-
benzene, it has yet to be definitively identified and
characterized.
The fleeting lifetimes of ions in mass spectrometry
and lack of convenient information about the structure
of fragment ions in the electron ionization mass spec-
trum can often lead to over-simplistic views of ion
structure that nevertheless facilitate identification of the
parent molecule. Even some of the most familiar ions
actually exist wholly or in part as isomers other than
those assumed for the purpose of mass spectral assign-
ment [3]. The phenyl cation is one such ion. Despite
common assumptions about the overriding stability of
the phenyl ring, the phenyl cation has been shown to
partially isomerize to acyclic forms under electron ion-
ization conditions [3a]. Such isomerism of the phenyl
cation casts doubt upon the possibility of mass spectro-
metric formation of intact 3,5-didehydrophenyl cation.
Though mass spectrometry is very powerful at dis-
tinguishing isobaric ions and can be used to assign
molecular formulas based on accurately measured m/z
values alone, isomeric ions are inherently unresolvable.
Tandem mass spectrometry experiments [3–5] provide
the solution to this dilemma and have been the source
of most of the current understanding of ion structure.
However, the applicability of any tandem mass spec-
trometry approach is subject to the chemical nature of
the system. The fragmentation-based subset of tandem
mass spectrometry has severe limitations in distin-
guishing aromatic hydrocarbon isomers [6]. Ion–mol-
ecule reaction-based methods [3, 4] provide a useful
complement to these fragmentation methods, and have
been used on many occasions to provide information
about the identity and isomeric purity of ion popula-
tions based on differences in the chemical reactivity of
the isomers. In this work, ion–molecule reactions were
used to probe the isomeric identity of C6H3
1 ions
generated from a variety of precursors. The circum-
stances which are favorable to the formation of the
3,5-didehydrophenyl cation were explored and the re-
activity of this ion was examined.
Experimental
All experiments were performed in an Extrel 2001
Fourier-transform ion cyclotron resonance (FT-ICR)
mass spectrometer which has been described previ-
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ously [7]. This instrument contains a differentially
pumped dual cell which allows the presence of discreet
chemical populations in the two cells.
The 3,5-, 2,3-, and 2,4-didehydrophenyl cations were
generated from 3,5-dinitrobenzoyl chloride and 3- and
4-nitrophthalic anhydride precursors, respectively. The
ion precursor was introduced into one side of the dual
cell via a heated solids probe and ionized by an electron
beam (20 eV, 5 mA). These ionization conditions pro-
duce primarily the 3,5-dinitrobenzoyl cation (m/z 195)
from 3,5-dinitrobenzoyl chloride and a nitro-substi-
tuted 2-dehydrobenzoyl cation (m/z 149) from the nitro-
phthalic anhydrides. These ions (m/z 195 or 149) were
isolated by the ejection of all other ions with a series of
stored-waveform inverse Fourier-transform [8] (SWIFT)
pulses. They were then transferred into the other side of
the dual cell through a small hole in the center of the
common trap plate between the two cells by tempo-
rarily grounding this trap plate. The extra translational
energy imparted into the ions by this transfer event was
dampened by multiple collisions with argon introduced
into the second cell via a pulse valve assembly (peak
pressure ;1 3 1025 torr in the cell). During this argon
pulse, the acylium ion was subjected to sustained
off-resonance irradiation for collision-activated dissoci-
ation [9] (SORI-CAD) to form the ion of m/z 75 (corre-
sponding to C6H3
1). This ion was then isolated with a
series of SWIFT pulses. The reactions of C6H3
1 with
neutral reagents introduced into the second cell at a
static pressure (nominal pressure 4.0 3 1028 to 1.2 3
1027 torr) were monitored by allowing the ions to react
for a variable period of time (0.3–10 s) before detection.
The above procedure was altered slightly to allow the
further study of the addition product observed in the
reaction of the 3,5-didehydrophenyl cation with 3-fluo-
ropyridine. In this experiment, CAD to generate the
3,5-didehydrophenyl cation (m/z 75) and reaction with
3-fluoropyridine (introduced via pulse valve assembly)
were performed prior to the transfer event, and it was
the product ion of the reaction (m/z 172) which was
transferred. Due to the extensive ion manipulation prior
to the transfer event quadrupolar axialization [10] was
necessary prior to the transfer event to ensure good
transfer efficiency. A similar procedure was used to
study the m/z 94 production of methanol’s reaction with
the 2,3- and 2,4-didehydrophenyl cations.
All spectra are the average of 30 transients that were
each collected as 64k data points and subjected to one
zero fill before Fourier transformation. Background
correction for these reaction spectra was accomplished
by subtraction of spectra collected under otherwise
identical conditions, except that the m/z 75 ions were
ejected immediately after the isolation and before the
reaction delay. Reactions measured under the above
conditions follow pseudo-first-order kinetics. Primary
and secondary products were distinguished by compar-
ison of their abundances at short and long reaction
times.
Assay of the isomeric compositions of the C6H3
1 ions
produced under 70 eV electron ionization (EI) condi-
tions from various precursors was accomplished by a
modification of the above procedure. Typically, ion
precursors were introduced into one side of the dual
cell via any of a variety of sample inlets at a nominal
pressure varying from 1 3 1028 to 1 3 1026 torr and
ionized by an electron beam (70 eV, 5 mA). The ion of
m/z 75 (corresponding to C6H3
1) was transferred into the
other side of the dual cell, as described above. The ion
was then isolated and allowed to undergo multiple
dampening collisions with argon. The m/z 75 ions
generated from each precursor were reacted with meth-
anol and di-tert-butylnitroxide to determine the relative
amounts of characteristic reaction products (i.e., m/z 92
and 94 vs. unreactive m/z 75 in the case of methanol;
and m/z 144 vs. m/z 72 in the case of di-tert-butylnitrox-
ide). Each reaction spectrum was background corrected
by subtracting from it a spectrum collected under
otherwise identical conditions, except that m/z 75 was
ejected prior to the transfer step.
All calculations reported in this study were per-
formed at the BPW91/cc-pVDZ 1 ZPVE level of theory
using the Gaussian 98 [11] suite of programs. All
structures are stationary points on their potential en-
ergy surfaces and possess the correct number of imag-
inary frequencies (i.e., zero for geometry minima; one
for transition states). The proton affinity of 1,3,5-
hexatriyne was calculated using an isodesmic proton
transfer reaction [12] with 1,3-butadiyne, whose proton
affinity has been experimentally determined [13].
The BPW91 level of theory has previously been
shown useful in determining the geometries of transi-
tion states for the retro-Bergman ring opening of p-
benzyne analogs [14]. Its accuracy in determining the
energies for the transition states examined in this work
was probed by comparison of the BPW91 ring-opening
barrier of p-benzyne to previous experimental [15] and
high-level theoretical studies [CCSD(T)] [14]. Although
this level of theory provides good transition state ge-
ometries for such ring-opening transition states [14], the
calculated barrier height is significantly (;6 kcal/mol)
below values reported previously [14, 15]. For this
reason, the barrier of ring opening for the 2,5-didehy-
drophenyl acylium ion has been presented relative to
that of p-benzyne at this level of theory. It is likely that
the other barrier heights presented in this study also
represent lower boundaries to the correct values.
Results and Discussion
The lowest energy C6H3
1 isomers can be grouped into
two categories: three didehydrophenyl cations and
three acyclic isomers corresponding to protonated
hexatriynes. The lowest energy structures (i.e., the three
didehydrophenyl cations and two of the three proton-
ated hexatriynes) have been examined computationally
by Schleyer et al. [2] (Scheme 1).
Based on this previous work, the 3,5-didehydrophe-
nyl cation (1) lies between 10 and 30 kcal/mol below
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these other four isomers. Other C6H3
1 structures lie
significantly (.50 kcal/mol) higher in energy. Hence, it
is the six didehydrophenyl cation and protonated
hexatriyne isomers that are expected to possess the
greatest degree of chemical significance.
Structural Characterization
Direct cleavage of the substituents from 3,5-dinitro-
benzoyl chloride and 3- and 4-nitrophthalic anhydride
would result in the formation of the 3,5-didehydrophe-
nyl cation (1) and its two didehydrophenyl cation
isomers, the 2,3- and 2,4-didehydrophenyl cations (2
and 3, respectively) (Scheme 2).
Support for the assumption that the 3,5-didehydro-
phenyl cation is generated from 3,5-dinitrobenzoyl
chloride is provided by this C6H3
1 ion’s reactions with
3-fluoropyridine. This reaction proceeds by the rapid
formation of a stable adduct as the sole reaction prod-
uct. If this C6H3
1 ion population is in fact composed of
the 3,5-didehydrophenyl cation, the addition product
formed with 3-fluoropyridine is expected to be the
N-(3,5-didehydrophenyl)-3-fluoropyridinium ion. This
distonic m-benzyne analog has been generated previ-
ously using an independent synthetic procedure, and it
possesses characteristic reactivity that distinguishes it
from its N-(3,4-didehydrophenyl)-3-fluoropyridinium
[16] and N-(2,5-didehydrophenyl)-3-fluoropyridinium
isomers. The fluoropyridine-addition product was iso-
lated and allowed to react with tert-butyl isocyanide
(Figure 1), di-tert-butylnitroxide, and dimethyl disul-
fide. The addition product reacts 98% to completion*
via reactivities reported previously for the N-(3,5-dide-
hydrophenyl)-3-fluoropyridinium ion (Scheme 3), pro-
viding confirmation for the structural assignment of the
3,5-didehydrophenyl cation.
In contrast to the clean addition reactivity observed
for the 3,5-didehydrophenyl cation, the nominal 2,3-
and 2,4-didehydrophenyl cations (Scheme 2) reacted
with 3-fluoropyridine to form a large number of prod-
ucts, including only minor amounts of adduct (Figure
2). This suggests that the 3,5-didehydrophenyl cation
population is free from 2,3- and 2,4-didehydrophenyl
cation impurities, and likewise, that the 2,3- and 2,4-
didehydrophenyl cation populations contain at most a
small amount of 3,5-didehydrophenyl cation impuri-
ties. Further, the product branching ratios for the 2,3-
and 2,4-didehydrophenyl cation populations show
some marked differences, indicating that these two ion
populations, while showing some reactivity similarities,
are not identical.
Another perspective on the isomeric identity of the
3,5-didehydrophenyl cation is provided by an examina-
tion of the acidity of this ion population. This ion is a
carbon acid, and as such may be expected to possess
poor kinetic acidity, but proton transfer was observed
in some of its reactions with reagents of high proton
affinity (PA). For example, when pyridine (PA 5 222
kcal/mol [13]) rather than 3-fluoropyridine (PA 5
215.6 kcal/mol [13]) is reacted with the 3,5-didehydro-
phenyl cation, proton transfer is observed as a minor
* The unreactive 2% of the ion may be interpreted as a similar amount of
impurity in the 3,5-didehydrophenyl cation population. However, because
the 3-fluoropyridine addition product in this experiment was generated
prior to the transfer event and in the presence of small amounts of other
byproducts of primary ionization and CAD, it is also likely that the
unreactive portion of the ion population results from the reaction of one of
these byproduct ions. In fact, small amounts of m/z 172 (i.e., the mass of the
addition product) were observed during the CAD process prior to the
formation of the 3,5-didehydrophenyl cation, and although this ion was
ejected prior to the reaction of the 3,5-didehydrophenyl cation, small
amounts of the precursors to this spurious m/z 172 may have remained in
the cell at the time of reaction.
Scheme 3
Scheme 1
Scheme 2
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reaction channel in addition to adduct formation. In
general, we find that the 3,5-didehydrophenyl cation
can be deprotonated by molecules of proton affinity
greater than 216 kcal/mol, although in almost all cases
proton transfer is accompanied by adduct formation as
the major reaction channel. The low measured acidity of
the ion (DHacid ; 215 kcal/mol) is consistent with its
predicted low energy and gives another means of
differentiating it from its isomers. Previous computa-
tional studies predict 1,2,3,5-tetradehydrobenzene to be
the lowest energy tetradehydrobenzene isomer [17].
Because this molecule is an accessible conjugate base for
all three isomers (Scheme 4), the three didehydrophenyl
cations would be expected to possess acidities that are
in direct correlation with the relative energy of each
isomeric ion (i.e., 2,4-didehydrophenyl cation . 2,3-
didehydrophenyl cation . 3,5-didehydrophenyl cat-
ion).
Proton transfer is one of the many reactions observed
between the 2,3- and 2,4-didehydrophenyl cations and
3-fluoropyridine, suggesting that these ions possess a
greater acidity than the 3,5-didehydrophenyl cation.
Likewise, the acyclic isomers 4 and 5 shown in Scheme
1 (which are effectively protonated 1,3,5-hexatriyne
isomers) are expected to be more acidic than the 3,5-
didehydrophenyl cation. In fact, our calculations
(BPW91/cc-pVDZ 1 ZPVE) predict a proton affinity of
only 190 kcal/mol for 1,3,5-hexatriyne at carbon-1 (i.e.,
protonation at its most basic site to produce the lowest-
energy protonated isomer, 4).
Other reactivity differences provide more quantita-
tive distinction between the 3,5-didehydrophenyl cation
and its isomers. The 2,3- and 2,4-didehydrophenyl
cations react with di-tert-butylnitroxide by electron
transfer. This is a common reactivity with di-tert-bu-
tylnitroxide due to its low ionization energy (IE 5 6.77
eV [13]). Charge transfer is also observed for the phenyl
cation and, in fact, for most organic cations. The 3,5-
didehydrophenyl cation undergoes charge transfer as
well, but only as a minor channel (39%) of its reaction
with di-tert-butylnitroxide. The major product (51%) of
its reaction with di-tert-butylnitroxide is an ion of m/z 72Scheme 4
Figure 1. (a) A mass spectrum measured after the reaction of the 3-fluoropyridine adduct of
3,5-dehydrophenyl cation (m/z 172) with tert-butylisocyanide (MW 83 u; 1.2 3 1027 torr) for 3 s. Major
peaks include m/z 158 (adduct 2 fluoropyridine), m/z 172 (reactant ion), m/z 198 (reactant 1 CN), m/z
199 (reactant 1 HCN), m/z 224 (m/z 198 1 CN), m/z 255 (adduct), and m/z 282 (adduct 1 HCN). (b)
Reaction of the N-(3,5-dehydrophenyl)-3-fluoropyridinium ion (generated by the method of [16]) with
tert-butylisocyanide under identical conditions. The observed characteristic reactivity is identical to
that shown in (a).
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with the empirical formula C4H10N
1. This ion is not
observed in the reactions of the other didehydrophenyl
cations. An ion of m/z 56 was also observed as a minor
product (10%) of the reaction of the 3,5-didehydrophe-
nyl cation but not for the other two didehydrophenyl
cations. Thus, these two product ions can provide an
indication of the 3,5-didehydrophenyl cation even in
the presence of isomeric impurities.
The 2,3- and 2,4-didehydrophenyl cations react with
methanol by hydroxyl abstraction, a result likewise
observed for the parent phenyl cation [18]. This pre-
sumably occurs via addition of methanol to the phenyl
ring to form an intermediate adduct which subse-
quently fragments by homolytic cleavage of the oxy-
gen–methyl bond (Scheme 5). A second reaction chan-
nel for both didehydrophenyl cations (66% for the
2,3-didehydrophenyl cation and 54% for the 2,4-dide-
hydrophenyl cation) is abstraction of H2 to form the
phenyl cation which then reacts by hydroxyl abstraction
upon subsequent collisions with methanol. Such net-H2
abstractions have been observed previously for the
phenyl cation and occur as sequential hydride and
proton abstractions [3a]. In the present case, initial
hydride abstraction by the phenyl cation moiety of the
2,3- or 2,4-didehydrophenyl cation would result in the
formation of ortho-benzyne and protonated formalde-
hyde. Based on tabulated thermochemistry for these
two species [13], the subsequent proton transfer to
produce the phenyl cation and formaldehyde is exo-
thermic by 30 kcal/mol and would be expected to
proceed very rapidly. The phenyl cation formed in this
H2 abstraction reacts further with methanol by OH
abstraction, and the reaction product is expected to be
the phenol radical cation (m/z 94).
The identity of this final product ion provides a good
test of the structures of the 2,3- and 2,4-didehydrophe-
nyl cations. Comparison of the reactivity of the m/z 94
product with that of an authentic phenol radical cation
produced by low energy (20 eV) electron ionization of
phenol provided verification of this assumption. Both
authentic phenol radical cation and unknown ion pop-
ulations exhibit electron and proton transfer reactivities
in agreement with previously determined ionization
Scheme 5
Figure 2. (a) Reaction of the 2,3-dehydrophenyl cation (m/z 75) with 3-fluoropyridine (MW 97; 4.0 3
1028 torr) for 3 s. Major peaks include m/z 75 (reactant), m/z 98 (3-fluoropyridinium cation), m/z 145
(adduct 2 HCN), m/z 152 (adduct 2 HF), m/z 172 (adduct), m/z 222 (addition of 3-fluoropyridine to
m/z 145 2 HF), m/z 142 (addition of 3-fluoropyridine to m/z 145), m/z 249 (addition of 3-fluoropyridine
to m/z 152), and m/z 269 (addition of 3-fluoropyridine to m/z 172). (b) Reaction of the 2,4-
dehydrophenyl cation (m/z 75) with 3-fluoropyridine (MW 97; 4.0 3 1028 torr) for 3 s. Similar reaction
products are observed, but many of the branching ratios differ.
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energy and proton affinity values of the phenol radical
cation and the phenoxy radical (IE 5 8.49 eV and PA 5
205 kcal/mol, respectively [13]). For example, these ions
abstract an electron from thiophenol (IE 5 8.30 eV [13])
but not from dimethyl sulfide (IE 5 8.69 [13]) and
rapidly transfer proton to acetamide (PA 5 206.4 kcal/
mol [13]) but do so only very slowly to methyl benzoate
(PA 5 203.3 kcal/mol [13]). These observations confirm
the phenol radical cation identity of the m/z 94 product
ion, and by extension the phenyl cation nature of the
2,3- and 2,4-didehydrophenyl cations.
In contrast to the rapid phenyl cation-type reactions
observed for the 2,3- and 2,4-didehydrophenyl cations
with methanol, the 3,5-didehydrophenyl cation is unre-
active towards methanol. Our calculations (BPW91/cc-
pVDZ 1 ZPVE) suggest that this lack of reactivity of
the 3,5-didehydrophenyl cation is due to its stability
which results in an 8 kcal/mol endothermicity for the
hydroxyl abstraction pathway. Presumably the addition
step still occurs, but regeneration of the reactants is
favored over the homolytic cleavage of the oxygen–
methyl bond, and no net reaction is observed.
The methanol reaction provides a key insight into the
isomeric purity of the 2,4-didehydrophenyl cation. Al-
though this ion reacts quickly via hydroxyl and H2
abstraction like the 2,3-didehydrophenyl cation, the
2,4-didehydrophenyl cation generated under typical
SORI-CAD conditions does not react to completion,
revealing a mixture of isomers (Figure 3).
The unreactive portion of the ion population (,20%)
disappears only when the CAD conditions are relaxed
to the gentlest possible that still induce fragmentation.
It is tempting to assign the unreactive population as the
3,5-didehydrophenyl cation. However, unlike the 3,5-
didehydrophenyl cation, this ion population undergoes
H/D exchange when deuterated methanol is used in
place of methanol, and reacts to completion by charge
transfer with di-tert-butylnitroxide. Instead of being
composed of the 3,5-didehydrophenyl cation, the unre-
active ion population is likely to contain one or a
mixture of several of the possible acyclic C6H3
1 isomers
(Scheme 1). However, calculations (BPW91/cc-pVDZ 1
ZPVE) suggest that the 2,4-didehydrophenyl cation has
a high (48 kcal/mol) barrier to ring opening. It is
surprising that such a large amount of energy would
remain in the 2,4-didehydrophenyl cation when this
was not observed for the 2,3-didehydrophenyl cation
even though it was generated using the same method
from an isomeric precursor. Further, the predicted
barrier to ring opening is actually slightly higher than
the 47 kcal/mol barrier predicted by the same level of
theory for the hydride shift that interconverts the 2,4-
and 3,5-didehydrophenyl cations (Scheme 6). In light of
the lower barrier for hydride shift, the 3,5-didehydro-
phenyl cation would be expected to be formed in
competition to acyclic ions in contrast to experimental
observation. Clearly, something other than simple ring
opening of the 2,4-didehydrophenyl cation is responsi-
ble for the mixed ion population.
A more likely pathway to isomerization can be found
in an examination of the ions formed as intermediates
in the sequential fragmentation steps leading to the
formation of the 2,4-didehydrophenyl cation. Scheme 7
shows the sequence of fragmentations of the 4-nitroph-
thalic anhydride precursor leading to the formation of
the 2,4-didehydrophenyl cation. The final intermediate
in this process is either the 2,4- or 2,5-dehydrobenzoyl
cation, depending on which carbonyl moiety remains
after the CO2 loss from the molecular ion. This latter ion
is effectively a distonic analog of p-benzyne.
p-Benzyne is well known to undergo ring opening to
Figure 3. (a) Semilog plot of the pseudo-first-order kinetics for
the reaction of the CAD-generated 2,4-dehydrophenyl cation and
methanol (4.0 3 1028 torr) as a function of time. (b) Methanol
(1.2 3 1027 torr) reaction kinetics for the reaction of 2,4-dehydro-
phenyl cation generated under harsher CAD conditions. Signifi-
cant amounts of unreactive m/z 75 indicate the presence of at least
two isomers. (c) Methanol (1.2 3 1027 torr) reaction kinetics for
the reaction of EI-generated 2,4-dehydrophenyl cation. The ratio
of unreactive m/z 75 to reactive m/z 75 is increased relative to (b).
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its enediyne isomer in an exothermic reaction with a
barrier of only 20 kcal/mol [19]. Calculations (BPW91/
cc-pVDZ 1 ZPVE) of the 2,5-didehydrobenzoyl cation
intermediate suggest that p-benzyne-type retro-Berg-
man ring opening has a slightly lower (by ;1.5 kcal/
mol) barrier, albeit a slightly lesser (by ;3 kcal/mol)
exothermicity than p-benzyne itself (Scheme 8).
It is likely that this ring-opening process, rather than
any intrinsic instability of the 2,4-didehydrophenyl cat-
ion, is responsible for the observed isomerization. We
believe that similar ring opening occurs also for several
other distonic p-benzyne analogs generated by these
sorts of CAD methods. For example, the N-(2,5-didehy-
drophenyl)-3-fluoropyridinium [16] and 2,5-dehydro-
pyridinium ions [generated from N-(2,5-dibromophe-
nyl)-3-fluoropyridinium and 2,5-diiodopyridinium ion
precursors] did not display para-benzyne-type reactiv-
ity. In the former case, the ions were found to be
unreactive toward neutral reagents that react quickly
with analogous distonic monoradicals and analogous o-
and m-benzynes generated by similar synthesis proce-
dures. In the latter case, the ions displayed acidity out
of character with a pyridinium-type ion and more in
line with the chemical behavior of the ring-opened form
(i.e., protonated 4-cyano-3-buten-1-yne).
Generation of C6H3
1 via Electron
Ionization of Various 1,3,5-TriSubstituted
Benzenes
The above demonstration of the generation of the
3,5-didehydrophenyl cation with good isomeric purity
via tandem mass spectrometry causes one to wonder
whether this interesting ion also corresponds to the m/z
75 peak in the EI mass spectra of 1,3,5-substituted
benzenes. If this is in fact the case, such EI methods
would be a far simpler route to its generation. Yet, since
EI induces the multiple successive fragmentations nec-
essary to generate the 3,5-didehydrophenyl cation by a
single deposition of a large amount of energy rather
than several smaller depositions in the CAD-based
Scheme 8
Table 1. Ratio of ions of m/z 72 and 144 produced in the
reaction of di-tert-butyl nitroxide with C6H3
1 populations
generated by EI of trisubstituted benzenes. The relative
magnitude of the ion of m/z 72 provides an indication of the
abundance of the 3,5-dehydrophenyl cation isomer in the ion
population.
Scheme 6
Scheme 7
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method, it is inherently a harsher method. Also, since EI
imparts a wide distribution of internal energies, some
fraction of product ions may contain significant
amounts of residual internal energy, making them
prone to unimolecular isomerization.
The reactivity differences between the several C6H3
1
isomers (vide supra) provide a convenient semiquanti-
tative assay of the distribution of isomers formed under
EI conditions (Table 1). In particular, the reactions with
methanol and di-tert-butylnitroxide provide a simple
way to divide the ion populations into three categories:
the 3,5-didehydrophenyl cation, its cyclic isomers (i.e.,
the 2,3- and 2,4-didehydrophenyl cations), and its acy-
clic isomers. The 2,3- and 2,4-didehydrophenyl cations
react with methanol by characteristic hydroxyl and H2
abstractions (m/z 92 and 77, respectively), whereas the
3,5-didehydrophenyl cation and acyclic C6H3
1 cations
are unreactive. In contrast, the 3,5-didehydrophenyl
cation reacts with di-tert-butylnitroxide by the forma-
tion of an ion of m/z 72, whereas all its isomers react by
charge transfer. Thus, by reference to the ratios of the
characteristic products of an ion population’s reactions
with methanol and di-tert-butylnitroxide, a semiquan-
titative determination of the isomers present can be
made.
The harshness of 70 eV electron ionization relative to
low-energy multiple-step CAD can immediately be
seen upon comparison of the reactivities of EI-formed
ions with the CAD-generated ions described above.
Although CAD produces homogenous populations of
3,5- and 2,3-didehydrophenyl cations from 3,5-dinitro-
benzoyl and 2-dehydro-3-nitrobenzoyl cations, respec-
tively, the reactions of the EI-generated populations
with di-tert-butylnitroxide and methanol reveal con-
tamination by acyclic isomers. Likewise, EI generation
of the 2,4-didehydrophenyl cation from 4-nitrophthalic
anhydride results in an increased amount (;40%) of
acyclic impurities (Figure 3).
It is possible to conceive a great number of substi-
tuted benzenes that, like 3,5-dinitrobenzoyl chloride,
fragment by loss of all substituents upon electron
ionization to yield abundant C6H3
1, often corresponding
to the base peak of the mass spectrum. The prototypical
example cited in the literature, 1,3,5-tribromobenzene
[1], certainly produces an abundant C6H3
1 fragment
upon 70 eV EI. However, when this ion population was
reacted with methanol and di-tert-butylnitroxide, it was
found to be unreactive with methanol and to produce
only small amounts of m/z 72 in its reaction with
di-tert-butylnitroxide cation (Table 1). These observa-
tions strongly suggest that the C6H3
1 ion population
consists mainly of acyclic isomers (e.g., 4 and/or 5)
rather than the expected 3,5-didehydrophenyl cation.
This observation challenges assumptions of the stability
of the phenyl ring during the sequential fragmentations
to form the 3,5-didehydrophenyl cation, and by exten-
sion our ability to predict in advance the structure of
any such C6H3
1 made in this manner.
The source of the observed isomerization can be
understood by examination of the intermediates to the
formation of the 3,5-didehydrophenyl cation from 1,3,5-
tribromobenzene. Previous studies by Ausloos et al.
showed that, although the intact phenyl cation is gen-
erated by low-energy EI of halobenzenes, it is subject to
isomerization if its excess internal energy exceeds 46
kcal/mol [3a]. This threshold to ring opening agrees
reasonably well with semiempirical calculations of phe-
nyl cation isomerization [20] and is significantly less
than the ;70 kcal/mol† required to cleave a second
bromine from the 3,5-dibromophenyl cation intermedi-
ate (Scheme 9). It is thus likely that the 3,5-dibromophe-
nyl cation undergoes ring-opening before the second
bromine cleavage.
Examination of the reactions of the 3,5-dibromophe-
nyl cation produced under 70 eV EI conditions from
1,3,5-tribromobenzene reveals that it exists as (at least)
two isomers: a major isomer that is reactive toward
methanol, and a minor (;7%) that is unreactive. The
major fraction of the ion population is probably the
intact dibromophenyl cation, whereas the minor has
undergone ring opening. This observation is consistent
with the isomerization of the phenyl cation intermedi-
ate prior to the second bromine loss. This implies that a
competition between ring opening and bromine elimi-
nation, rather than any intrinsic instability of the 3,5-
didehydrophenyl cation, is the limiting factor in its
formation.
The competition between ring opening and fragmen-
tation can be altered by changing the substituents to be
cleaved. When the bond cleavage that competes with
the phenyl cation’s ring opening is slightly more favor-
able than in the tribromobenzene case, the ring opening
of the phenyl cation intermediate can be minimized. For
example, 3,5-dinitroiodobenzene fragments under 70
eV EI conditions to make a mixed ion population that
contains less acyclic impurities than tribromobenzene,
as indicated by increased m/z 72 product in its reaction
with di-tert-butylnitroxide (Table 1). In fact, 3,5-dinitroi-
† This estimate arises from the 75 kcal/mol bond dissociation energy (BDE)
of neutral bromobenzene which should be a good first estimate at the
carbon–bromine BDE of the 3,5-dibromophenyl cation.
Scheme 9
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odobenzene appears to fragment upon EI to produce a
3,5-didehydrophenyl cation yield comparable to that
produced by EI of 3,5-dinitrobenzoyl chloride.
All 1,3,5-substituted benzenes examined (Table 1)
produce some amount of the 3,5-didehydrophenyl cat-
ion upon EI, but most do so in only minor yields similar
to that of tribromobenzene. For example, 3,5-dichloro-
iodobenzene, 3,5-dichlorobenzoyl chloride, 3-bromo-5-
iodobenzoic acid, and 3,5-dichlorobenzaldehyde each
fragment to generate a C6H3
1 ion population that pro-
duces only very minor amounts of m/z 72 in its reaction
with di-tert-butylnitroxide. In each case, the relative
production of m/z 72 is similar to that of 1,3,5-tribromo-
benzene. These precursors all fragment by EI to yield a
phenyl cation intermediate and can be assumed to be
subject to ring opening in a manner qualitatively similar
to that of 1,3,5-tribromobenzene.
Conclusions
The 3,5-didehydrophenyl cation as well as its cyclic
isomers have been generated and characterized via
gas-phase ion–molecule reactions. Differences in the
ion–molecule reactivity of the isomers allow the
3,5-didehydrophenyl cation to be distinguished from
its cyclic and acyclic isomers. The characteristic reac-
tions of these species allow a semiquantitative assess-
ment of the contributions to the total C6H3
1 ion
population by three categories of isomers: the 3,5-
didehydrophenyl cation, its didehydrophenyl cation
isomers (i.e., the 2,3- and 2,4-didehydrophenyl cat-
ions), and acyclic isomers. It is found that, contrary to
simple intuition, the formation of the 3,5-didehydro-
phenyl cation is the exception rather than the rule.
Although didehydrophenyl cations can be generated in
purity from appropriate precursors by CAD, 70 eV
electron ionization results in the contamination of this
ion population by ring-opened isomers. Further, the
C6H3
1 formed by electron ionization of most 1,3,5-
substituted benzene precursors contain only small
quantities of 3,5-didehydrophenyl cation.
These findings are in qualitative agreement with
previous studies of the phenyl cation that found that its
isomeric integrity is not to be taken for granted under
electron ionization conditions [3a]. This case study of
the 3,5-didehydrophenyl cation, while an isolated ex-
ample, demonstrates the necessity of evaluating possi-
bilities of isomerism of even very stable ions when
produced under harsh EI conditions. It further demon-
strates the usefulness of ion–molecule reactions as an
assay of isomeric structure. Many interesting ions can
be produced and studied by mass spectrometric meth-
ods, and the versatility of MSn methods accessible by
the current generation of mass spectrometers makes
such methods preferable to electron ionization when
isomeric purity is desired.
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